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ABSTRACT 
With a s o l a r  beam of 6 meters ,  the  Large Space Simulator  (LSS) a t  ESTEC, The 
Nether lands,  i s  one of the  wor ld ' s  l a r g e s t  s o l a r  s imula t ion  f a c i l i t i e s  ( r e f .  1). 
The design of the  LSS cryogenics  system, however, provides the  f a c i l i t y  wi th  
the  intended f l e x i b i l i t y  t o  serve  fo r  a v a r i e t y  of thermal tes t  conf igu ra t ions ,  
i n  a d d i t i o n  t o  s o l a r  s i m u l a t i o n  and mechanical t es t s .  The opera t iona l  concept of 
the cryogenics  system foresees  i n  automated c o n t r o l  of more than 20 modes of 
opera t  ion .  
The l i q u i d  n i t rogen  (LN2) cool-down and c i r c u l a t i o n  c i r c u i t  as w e l l  a s  t h e  
gaseous n i t rogen  (GN2) warm-up c i r c u i t  a r e  completely separated and have 
ind iv idua l  c o n t r o l  of system parameters.  Both, t h e  main chamber shroud elements 
(C1) and the  a u x i l i a r y  chamber (C2) b a f f l e  shrouds,  can be operated independently 
o r  i n  combination. 
Furthermore,  i t  i s  poss ib l e  t o  perform vacuum thermal cyc l ing  tes t s  (VTC) by 
c o n t r o l l i n g  t h e  C 1  shroud a t  temperature  l e v e l s  v a r i a b l e  between 100°K and 
t h e  LSS cryogenic system. 
I 373°K.  The paper p re sen t s  t he  f i n a l  concept and performance c h a r a c t e r i s t i c s  of 
INTRODUCTION 
The performance of t he  cryogenic sys t em i s  based on the  f i n a l  acceptance 
t e s t  of the  complete LSS f a c i l i t y ,  performed a t  ESTEC i n  A p r i l  1986. 
The acceptance t e s t  involved both s o l a r  s imula t ion  a t  the  spec i f i ed  
1.8 kW/m2 r a d i a t i o n  l e v e l  and vacuum temperature cyc l ing  during cont inuous 
ope ra t ion  of the  f a c i l i t y  f o r  400 hours i n  va r ious  conf igu ra t ions .  The LSS motion 
sys t em,  which i s  sub jec t  t o  another  procurement c o n t r a c t ,  w i l l  be de l ive red  i n  
1987 and as  a r e s u l t  is  not included i n  the  cryogenic t e s t  conf igu ra t ion .  
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TEST ANALYSIS CONCEPT 
The s tandard  housekeeping d a t a  of the cryogenics system involves  a v a r i e t y  
of  60 sensors  t o  measure system parameters as flow, l e v e l ,  p re s su re  and 
temperature .  More than 100 dedica ted  thermo-couples were appl ied  t o  measure 
shroud temperatures  dur ing  t h e  acceptance tes t .  
The d a t a  measured by t h e  programmable log ic  c o n t r o l l e r  (PLC) as w e l l  a s  the  
PLC s t a t u s  information,  was sen t  t o  t h e  LSS f a c i l i t y  da t a  handl ing system. The 
LSS f a c i l i t y  d a t a  handl ing provided the  following support  func t ions  : 
o Presen ta t ion  of da t a ,  temperatures ,  flows, pressure ,  e t c .  
o P r e s e n t a t i o n  of system s t a t u s ,  va lve  p o s i t i o n s ,  on lo f f  alarm s t a t u s ,  
i n t e r l o c k s .  
o P r e s e n t a t i o n  of graphsfsensors  versus  t i m e  p r in t -ou t s ,  e tc .  
o Warning and alarm messages. 
o Recording of d a t a  f o r  problem i n v e s t i g a t i o n .  
o Recording of d a t a  f o r  tes t  r epor t ing .  
These f e a t u r e s  provided high f l e x i b i l i t y  i n  ad jus t ing  system ope ra t ions ,  
s h o r t  f a u l t  i d e n t i f i c a t i o n  t i m e s  and a n a l y s i s  of system performance. 
F igure  1 shows a t y p i c a l  cool-down and warm-up curve.  
THE LIQUID NITROGEN CIRCULATION CONCEPT 
For the  LN2 c i r c u l a t i o n  a closed loop p res su r i sed  system has been s e l e c t e d ,  
because t h i s  concept represents the thermodynamically most s u i t a b l e  system f o r  
cool ing  l a rge  shrouds with low ope ra t ion  and investment c o s t .  
I n  the  c losed  loop p res su r i sed  system, the  pressure  of t h e  l i q u i d  n i t r o g e n  
i s  increased i n  t h e  r e c i r c u l a t i n g  pump only t o  t h e  ex ten t  needed f o r  overcoming 
t h e  flow l o s s e s  i n  t h e  shroud c i r c u i t .  The necessary  inc rease  i n  t h e  b o i l i n g  
temperature  of t h e  l i q u i d  n i t rogen  i n  f r o n t  of t he  shrouds i s  achieved by r a i s i n g  
the  p re s su re  l e v e l  of t h e  e n t i r e  c i r c u i t  so much above normal atmospheric 
p re s su re ,  t h a t  l i q u i d  n i t rogen  i s  a v a i l a b l e  f o r  a l l  opera t ing  s t e p s  wi th  high 
hea t  load .  
The l i q u i d  n i t rogen  which i s  heated up i n  the  shrouds,  i s  cooled aga in  i n  a 
hea t  exchanger and i s  subsequent ly  immediately pumped back through t h e  shrouds 
pane ls  by the  r e c i r c u l a t i n g  pump. The r e c i r c u l a t e d  l i q u i d  n i t r o g e n  from t h e  
shrouds i s  cooled i n  the  hea t  exchanger by l i q u i d  n i t rogen  which b o i l s  under 
atmospheric p re s su re .  
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I n  o rde r  t o  b u i l d  up t h e  necessary  p o s i t i v e  p re s su re  i n  t h e  c i r c u i t  i n  f r o n t  
of t he  r e c i r c u l a t i n g  pump and fo r  compensating t h e  volume changes r e s u l t i n g  from 
temperature  changes, t he  c i r c u i t  i s  connected t o  a p a r t i a l l y  n i t r o g e n - f i l l e d  
expansion vesse l  a t  t he  poin t  of lowest pressure  i n  t h e  system. 
A f t e r  the e n t i r e  system, i n c l .  t h e  shrouds,  has been cooled down t o  the  
b o i l i n g  temperature of n i t rogen ,  which occurs  a t  atmospheric p re s su re ,  t h e  
c i r c u i t  i s  r a i s e d  t o  the  necessary p o s i t i v e  p re s su re  by evapora t ing  n i t rogen  wi th  
a r e b o i l e r  hea t  exchanger i n  the  expansion v e s s e l .  The des i r ed  pressure  i s  b u i l t  
up i n  the  expansion v e s s e l  by providing a n i t rogen  gas cushion above the  l i q u i d ,  
which i s  pressure  r egu la t ed  by a c losed  loop c o n t r o l  system. 
I n  the  LN2 c i r c u l a t i o n  mode, a f t e r  the  n i t rogen  has been cooled and 
equi l ibr ium has been reached,  no evapora t ion  of the  r e c i r c u l a t e d  n i t rogen  occurs  
i n  the  closed loop system. I n  c o n t r a s t  t o  t he  open p res su r i sed  system, the  energy 
fo r  i nc reas ing  the  b o i l i n g  pressure  must be suppl ied  only once when the  system i s  
taken i n t o  opera t ion .  
Since,  during t h i s  process ,  t he  r e c i r c u l a t i n g  pump sucks i n  l i q u i d  n i t r o g e n ,  
which is a l ready  a t  a correspondingly high p res su re  (high NPSH), t he  r i s k  of 
c a v i t a t i o n  i n  t h e  r e c i r c u l a t i n g  pump, which can occur i n  t h e  open systems, i s  
e l imina ted .  
The L N ~  i n l e t  temperature  of t h e  shrouds i s  appr .  78°K and t h e  o u t l e t  
temperature  about 83°K. To avoid l o c a l  b o i l i n g  of LN2, t h e  s e l e c t e d  system 
p res su re  i s  8 bar  which corresponds wi th  a b o i l i n g  temperature  of  100°K. 
The s y s t e m  p res su re  i s  c o n t r o l l e d  by a p r e s s u r e  c o n t r o l l e r .  I f  dev ia t ions  
from t h e  ad jus ted  s e t p o i n t  occur ,  e i t h e r  vapor i sed  N2 i s  generated t o  t h e  
expansion v e s s e l  o r  r e l eased  t o  t h e  atmosphere i f  the  ad jus ted  p res su re  i s  
exceeded. 
The shrouds i n  C 1  and C2 are  subdivided i n t o  va r ious  c i r c u i t s  ( s e e  
f i g u r e  2 ) ;  each of them i s  equipped wi th  flow and temperature  measuring c o n t r o l  
u n i t s ,  i n s t a l l e d  i n  t h e  c i r c u i t  o u t l e t  l i n e .  By t h i s  means, i t  i s  poss ib l e  t o  
a d j u s t  i nd iv idua l  flow r a t e s ,  so t h a t  an equal  temperature  d i f f e r e n c e  i s  provided 
over  each shroud c i r c u i t .  
The LN2 n i t rogen  r e b o i l e r  has a temperature  d i f f e r e n c e  of appr .  5 ° K  between 
i n l e t  and o u t l e t  and i s  cooled by evapora t ing  LN2. 
THE GASEOUS NITROGEN CIRCULATION CONCEPT 
The GN2 System c i r c u l a t e s  gaseous n i t rogen  over the  shrouds of the  main 
chamber and a u x i l i a r y  chamber by means of a r o t a r y  p i s t o n  blower. The 
suc t ion-s ide  of the  blower i s  pro tec ted  by a water ba th  / hea t  exchanger,  which 
provides e i t h e r  cool ing  o r  hea t ing  of t h e  incoming gaseous n i t rogen  t o  main ta in  
t h e  s p e c i f i e d  blower temperature  l i m i t a t i o n s .  
238 
On t h e  p re s su re  s i d e  of t he  blower, an add i t iona l  h e a t e r  i s  used during the  
warm-up mode t o  hea t  up the  shrouds t o  any temperature l e v e l  between 273°K and 
373°K. A smaller dimension blower / hea t  exchanger combination i s  used t o  
maintain the  main chamber shrouds a t  ambient temperature ,  while  t h e  a u x i l i a r y  
chamber shrouds C2 a r e  warmed-up with GN2. 
The GN2 c i r c u i t  has  alarm and c o n t r o l  func t ions  of main system parameters ,  
which a r e  independent of t he  LN2 system. Furthermore, each shroud c i r c u i t  has  a 
separate set  of i s o l a t i o n  and c o n t r o l  va lves  f o r  LN2 and GN2 c i r c u l a t i o n ,  so t h a t  
a wide v a r i e t y  of ope ra t iona l  modes i s  f e a s i b l e .  
WACUDM TEMPERATURE CYCLING MODE 
The VTC mode envisages cool ing and hea t ing  of the  main chamber shrouds over 
a s p e c i f i e d  temperature range of  173°K t o  373°K with a speed of  l"K/min. The VTC 
mode has been implemented by the  add i t ion  of a LN2 i n j e c t i o n  system i n t o  the  G N 2  
c i r c u i t .  
A temperature  c o n t r o l l e r  works i n  s p l i t  range technique and a c t i v a t e s  e i t h e r  
t h e  LN2 i n j e c t i o n  valve o r  t h e  GN2 hea te r  according t o  the  shroud temperature  
se t -po in t .  A counter  flow hea t  exchanger has been included i n  the  GN2 c i r c u i t  t o  
economise t h e  LN2 consumption. 
CRYOGENIC SYSTEM PERFORMANCE 
LR2 WL-DOWN AND CIRCULATION EXIDES 
Table 1 l i s t s  a comparison of the  des ign  b a s e l i n e  t o  the  a c t u a l  s y s t e m  
performance, which proves t h a t  t he  requirements have been adequately m e t .  The 
cool-down / c i r c u l a t i o n  mode i s  performed and con t ro l l ed  f u l l y  au tomat i ca l ly  by 
the  programmable l o g i c  c o n t r o l  (PLC). 
The maximum temperature inc rease  over t h e  shrouds following switch-on of the  
sun s imula tor  t o  t h e  s p e c i f i e d  1 . 8  kW/m2 s o l a r  i n t e n s i t y  was measured a t  3°K i n  
t h e  400 hours tes t  conf igu ra t ion .  A s  a r e s u l t ,  t he  LN2 flow r a t e s  through the  
ind iv idua l  shroud c i r c u i t s  do not  have t o  be modified i n  dependence of s o l a r  
i n t e n s i t y  l e v e l s ,  providing aga in  a r e l a x a t i o n  of p re - t e s t  a c t i v i t i e s .  
The flow r a t e  requirements which a r e  shown i n  t a b l e  2 can be m e t  by one L N ~  
c i r c u l a t i o n  pump. The second c i r c u l a t i o n  pump i s  completely redundant and 
improves s i g n i f i c a n t l y  t h e  LSS o v e r a l l  r e l i a b i l i t y .  The cryogenic system has been 
designed and t e s t ed  fo r  a system p res su re  of 8 b a r ,  the  s p e c i f i e d  s o l a r  i n t e n s i t y  
l e v e l  of  1 .8  kW/m2 was, however, accomodated by the  shrouds a t  on ly  4 bar .  
Both, the  margin i n  system p res su re  and the hea t  load contingency of 45 kW, 
w i l l  al low thermal and s o l a r  s imula t ion  tests a t  h igher  than s p e c i f i e d  hea t  loads  
and s o l a r  i n t e n s i t y  l e v e l s .  
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Furthermore, t he  LN2 boi l -of f  mode has been implemented. This  mode i s  
se l ec t ed  i f ,  due t o  a malfunct ion,  LN2 c i r c u l a t i o n  i s  not  f e a s i b l e .  The system i s  
depressur i sed  and the  shrouds a r e  operated i n  a convent ional  LN2 bo i l -o f f  t o  
ambient pressure .  L N ~  l e v e l  i n  each shroud and r e f i l l i n g  i s  con t ro l l ed  by t h e  PLC 
au tomat ica l ly .  The 400 hours t e s t  demonstrated t h a t  t rouble-shoot ing of 
ins t rumenta t ion  and pumps i n  the  c i r c u l a t i o n  system w i l l  be f e a s i b l e  without  
breaking chamber vacuum or dra in ing  the  shroud c i r c u i t s  by s e l e c t i n g  the  boi l -off  
mode. 
I LN2 DRAINING AND GN2 WARM-UP MODES 
The temperaturel t ime requirements  are w e l l  w i th in  the  s p e c i f i c a t i o n .  Typical 
warm-up times are: 
I c1 IC2 2.5 hours from 100°K t o  300°K 
I c1 IC2 6 hours from 100°K t o  373°K 
These warm-up t i m e s  are achieved wi th  l imi t ed  GN2 i n l e t  temperatures  t o  the  
shrouds (45°C as  compared t o  an achievable  s e t t i n g  of  120°C) and reduced system 
p res su re  ( 4  b a r  as  compared t o  a design p res su re  of 6 b a r ) .  The con t r ac tua l  
requirements are: 
0 Warm-up of both C 1  and C 2  shrouds from 100°K t o  373°K w i t h i n  1 2  hours .  
o 
0 
Warm-up of e i t h e r  C 1  or C2 shroud from 100°K t o  373°K w i t h i n  8 hours .  
Temperature s t a b i l i t y  a t  300°K and 373°K s h a l l  be * 10°K. 
These s p e c i f i c a t i o n s  have been met with cons iderable  margin t o  allow t h e  
system t o  be tuned t o  customer requirements .  I n  f a c t ,  any temperature  l e v e l  
between 273°K and 373°K can be obtained and con t ro l l ed  dur ing  warm-up mode. The 
warm-up t i m e  w i l l  now depend on customer allowed temperature  g rad ien t s  over t he  
shrouds,  and t imes as s h o r t  a s  1 hour are f e a s i b l e .  
Table 3 l i s t s  the  VTC performance c h a r a c t e r i s t i c s .  
Although t h e  a c t u a l  performance showed some dev ia t ions  t o  t h e  des ign  
b a s e l i n e ,  t he  ex tens ion  of t he  t e m p e r a t u r e  range down t o  105°K is considered a 
s u b s t a n t i a l  asset i n  view of t h e  tendency of present  customer requirements  
towards lower temperature  l i m i t s .  The i n s t a l l a t i o n  of t h e  counterf low hea t  
exchanger in t roduces  a s i g n i f i c a n t  r educ t ion  i n  L N ~  consumption; some examples 
a r e  shown i n  t a b l e  4 .  
F i n a l l y ,  t h e  VTC mode has  many c o n t r o l  parameters which r e q u i r e  a d d i t i o n a l  
tuning.  Continued t e s t i n g  during 1986 w i l l  provide an optimum VTC performance, 
which has  aga in  t h e  p o t e n t i a l  t o  be adapted t o  customer requirements .  
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I n  t h e  p a s t ,  most of t he  space s imula tors  have been equipped wi th  Al-shrouds 
due t o  t h e i r  good thermal conduc t iv i ty ,  low weight and lower c o s t .  Recent ly ,  
Al-shrouds i n  s e r v i c e  have experienced thermal vacuum cracks  and new cracks  have 
appeared dur ing  each thermal vacuum t e s t .  
The s t a i n l e s s  s teel  shrouds incorporated i n  t h e  LSS cryogenics  system 
demonstrated e x c e l l e n t  performance during var ious  warm-up and L N ~  cool-down / 
c i r c u l a t i o n  phases.  The s p e c i f i e d  leak  t i g h t n e s s ,  being: 
o Ind iv idua l  leak  ra te  mbar l/s. 
o I n t e g r a l  leak r a t e  mbar l / s .  
Typical  leak  rates were b e t t e r  t han  mbar l / s .  The shroud design i n  t h e  
main chamber i s  self  suppor t ing ,  avoiding mechanical stress due t o  temperature  
g rad ien t s  between shroud and chamber. The number of dismountable coupl ings i s  
r e s t r i c t e d  t o  a minimum. Both f a c t o r s  i nc rease  shroud leak  i n t e g r i t y  and 
r e l i a b i l i t y .  
The i n s t a l l a t i o n  of t he  major i ty  of i n t e r n a l  pipes  and headers on t h e  shroud 
inner  chamber s i d e ,  as w e l l  as the  b a f f l e  p r i n c i p l e  i n  the  a u x i l i a r y  chamber, 
a l low easy maintenance and repa i r .  The disadvantage of t h e  moderate thermal 
conduc t iv i ty  and t h e  h igher  weight of t h e  s t a i n l e s s  s t e e l  shrouds i s  compensated 
by t h e  improved r e l i a b i l i t y  and m a i n t a i n a b i l i t y  i n  p a r t i c u l a r  wi th  respec t  t o  
leak  t i g h t n e s s .  
Also t h e  b a f f l e  p r i n c i p l e  has  demonstrated the  advantages of f r e e  access  t o  
chamber wa l l s  t o  build-up p la t forms  f o r  f a c i l i t y  maintenance and c l ean ing .  
CONCLUSIONS 
The LSS cryogenics  sys t em has proven i t s  ope ra t iona l  c a p a b i l i t i e s  under 
s imulated hea t  load cond i t ions  and provides  s u f f i c i e n t  margin f o r  f u t u r e  e leva ted  
requirements  . 
The high l e v e l  of i n s t rumen ta t ion  and ope ra t iona l  s o p h i s t i c a t i o n  al lows 
f a c i l i t y  opera t ions  with minimum s t a f f .  The acceptance tes t  proved t h a t  nuninal  
ope ra t ing  pressures  can be lower than the  design parameters,  providing increased  
system s a f e t y  and r e l i a b i l i t y .  The ease of access  f o r  r e p a i r  and the  incorporated 
reduncancy w i l l  l i m i t  system down-time. F i n a l l y ,  t he  system design r e s u l t e d  i n  a 
low consumption of LN2, which i s  an important f a c t o r  i n  keeping t h e  ope ra t iona l  
c o s t s  a t  a low l e v e l .  
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PARAMETER 
T o t a l  hea t  load a t  1 .8  kW/m2 s o l a r  
power 
System contingency 
LN2 consumption 
Coo 1-d own 
LN2 c i r c u l a t i o n  wi th  1.8 kW/m2 
LN2 c i r c u l a t i o n  without sun 
System p res su re  t o  avoid LN2 
vapor i sat  ion 
Temperature inc rease  over LN2 c i r c u i t  
LN2 flow 
Shroud temperature 
Cool-down t i m e  
DESIGN 
135 kW 
35 kW 
20 m3 
4.5 m3/h 
2.8 m3/h 
8 b a r  
5 "K 
72 m3/h 
100°K 
i t h i n  2 hours 
ACTUAL 
125 kW 
45 kW 
17 m3 
2.7 m3/h 
1.8 m3/h 
lown t o  2 b a r  
3 "K 
82 m3/h 
100°K 
r i t h i n  2 hours  
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SHROUD C I R C U I T  
Top shroud 
Bot tom shroud 
Lower cy l inde r  
Upper cy l inde r  
5 meter door 
8' meter nozzle  
and spout 
B a f f l e  shrouds 
c1-1 
c1-2 
C1-3 
C 1-4 
C1-5 
c2-1 
c2-2 
TOTAL c1 /c2 
SHROUD 
SURFACE 
(M2) 
71  
67 
90 
110 
31 
84 
103 
5 94 
DESIGN * 
4 
4 
18 
18 
8 
10 
10 
72 
ACTUAL 
8 
7 
19 
2 1  
9 
8 
11 
78 ** 
* Based on thermodynamic a n a l y s i s  of shroud c i r c u i t s  a t  1.8 kW/m3 s o l a r  
i n t e n s i t y  l e v e l .  
** The d i f f e r e n c e  between the  sum of ind iv idua l  flow r a t e s  and the  LN2 
pump capac i ty  i s  due t o  a LN2 by-pass l i n e .  
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PARAMETER 
WITHOUT HEAT 
EXCHANGER 
2165 
C 1  temperature  
be tween 
WITH HEAT 
EXCHANGER 
450 
Rate  of change 
t empe r a t  u r e  s 
l e v e l s  v a r i a b l e  
of shroud 
Temperature d i s t r i b u t i o n  a t  
s t a b  i 1 i sed temperature  
DESIGN 
173°K - 373°K 
1 "K/min. 
173°K - 373°K 
f 5°K 
TABLE 4: VTC HEAT EXCEANGEB ECONOMY 
CASE 
173°K cons tan t  
173°K cool ing ,  l"K/min. 
273°K cons tan t  
273°K cool ing ,  l"K/min. 
ACTUAL 
105°K - 373°K 
1 "K/min. 
105°K - 353°K 
S"K/min. 
353°K - 373°K 
f 10°K 
3753 
5 72 
1629 
1858 
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1294 
I 
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Figure 1 .  Typical cool-down and warm-up curve of a shroud 
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